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Abstract 
The current rise of antimicrobial resistant pathogens threatens human health and global food security, 
underscoring the urgent need for new antimicrobial drugs. Bioactive natural products have been a 
continuous source of inspiration for the development of new pharmaceuticals and agrochemicals for 
decades. Fungi are enormously rich in biodiversity, prolific producers of natural products, and pose a 
treasure trove of untapped chemical diversity. Many species encode numerous natural product 
biosynthetic gene clusters (BGCs), most of which remain uncharacterized and are merely waiting to be 
unlocked. Therefore, fungi hold great promise as a source for the discovery of new bioactive molecules. 

To this end, the present thesis aimed to discover bioactive natural products from fungi and uncover how 
they are biosynthesized. Therefore, various fungi were analyzed for the production of antimicrobial or 
otherwise bioactive natural products, resulting in the isolation of four target compounds that were 
investigated. These were acrophialocinol produced by Acrophialophora levis, allantofuranone produced 
by Allantophomopsis lycopodina, pleosporacin produced by Pleosporales sp., and saintopin produced 
by Paecilomyces marquandii. Allantofuranone and saintopin had previously been described, whereas 
acrophialocinol and pleosporacin are newly reported natural products. While acrophialocinol exhibits 
broad antifungal activity against a variety of fungal pathogens, pleosporacin selectively inhibits the 
phytopathogen Botrytis cinerea at a concentration as low as 3.2 µM. Saintopin and allantofuranone had 
previously been reported to exhibit topoisomerase I/II inhibitory and mild antifungal activity, respectively. 
BGCs presumably involved in the biosynthesis of these natural products (namely: acr, alf, ple, and stp) 
were identified from the genomes of the producing organisms by genome mining. Heterologous 
reconstitution of the biosynthetic genes in Aspergillus oryzae successfully allowed for the elucidation of 
all their biosynthetic pathways. Furthermore, it was shown that the RTA1-like protein encoded in the acr 
BGC mediated self-resistance towards the produced compounds, representing a new type of self-
resistance enzyme. Additionally, combinatorial biosynthesis was applied to the allantofuranone 
biosynthetic pathway, successfully yielding hydroxylated derivatives, including some new natural 
products. 

These findings provide a basis for the further investigation of the reported natural products as potential 
drug leads and fundamentally contribute to our understanding of how natural products are 
biosynthesized. The discovery of a new type of self-resistance enzyme might be useful in identifying a 
new mode of action for antifungal drugs, while simultaneously enabling the targeted discovery of 
bioactive natural products exerting this effect. Moreover, the findings display how combinatorial 
biosynthesis can be applied to expand the natural chemical diversity and derive new (non-)natural 
products. 
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Zusammenfassung 
Der aktuelle Anstieg Antibiotika-resistenter Pathogene gefährdet sowohl die menschliche Gesundheit 
sowie die globale Nahrungssicherung und unterstreicht den dringenden Bedarf an neuen Wirkstoffen. 
Bioaktive Naturstoffe sind schon seit Jahrzehnten eine stetige Quelle der Inspiration zur Entwicklung 
neuer Pharmazeutika und Agrochemikalien. Pilze zeichnen sich durch eine außerordentliche 
Biodiversität aus und sind effiziente Produzenten verschiedenster Naturstoffe. Viele Pilzarten verfügen 
über eine Vielzahl von Biosynthesegenclustern (BGCs) für Naturstoffe, von denen die meisten bislang 
uncharakterisiert sind und darauf warten, erforscht und zugänglich gemacht zu werden. Ihre genetische 
und biochemische Vielfalt macht sie zu einer Schatzkammer bislang unerschlossener chemischer 
Diversität und bietet ein enormes Potenzial für die Entdeckung neuer bioaktiver Substanzen. 

Vor diesem Hintergrund verfolgte die vorgelegte Thesis das Ziel, neue bioaktive Naturstoffe aus Pilzen 
zu entdecken sowie deren Biosynthese aufzuklären. Hierzu wurden verschiedene Pilze auf deren 
Produktion antimikrobieller oder anderweitig bioaktiver Naturstoffe analysiert. Daraus resultierte die 
Isolation von vier Zielmolekülen, welche weiter untersucht wurden. Es handelt sich dabei um 
Acrophialocinol aus Acrophialophora levis, Allantofuranon aus Allantophomopsis lycopodina, 
Pleosporacin aus Pleosporales sp., sowie Saintopin aus Paecilomyces marquandii. Allantofuranon und 
Saintopin wurden bereits zuvor beschrieben, wohingegen Acrophialocinol und Pleosporacin neue 
Naturstoffe darstellen. Während Acrophialocinol eine breite antifungische Aktivität gegen verschiedene 
pathogene Pilze aufweist, inhibiert Pleosporacin selektiv den phytopathogenen Pilz Botrytis cinerea ab 
einer Konzentration von bereits 3,2 µM. Über Saintopin und Allantofuranon wurde bereits zuvor 
berichtet, dass sie eine Topoisomerase I/II-inhibitorische Wirkung bzw. leicht antifungische Aktivität 
besitzen. Mit Hilfe von genome mining konnten BGCs (namentlich: acr, alf, ple und stp) identifiziert 
werden, welche vermutlich an der Biosynthese dieser Naturstoffe beteiligt sind. Die heterologe 
Rekonstitution der jeweiligen Biosynthesegene in Aspergillus oryzae erlaubte die erfolgreiche 
Aufklärung aller Biosynthesewege. Darüber hinaus konnte gezeigt werden, dass ein RTA1-ähnliches 
Protein, welches im acr BGC kodiert ist, Selbstresistenz gegenüber den produzierten Naturstoffen 
vermittelt. Weiterhin konnten durch die gezielte Manipulation der Allantofuranon Biosynthese-
maschinerie neue hydroxylierte Derivate gewonnen werden, wovon einige neue Naturstoffe darstellen. 

Die gewonnenen Erkenntnisse legen den Grundstein zur weiteren Erforschung der berichteten 
Naturstoffe als potenzielle Wirkstoffkandidaten und tragen fundamental zu unserem Verständnis von 
Naturstoffbiosynthesen bei. Die Entdeckung eines neuen Selbstresistenz-vermittelnden Enzyms könnte 
künftig nützlich zur Identifizierung eines neuen Wirkungsmechanismus sein und ermöglicht gleichzeitig 
die gezielte Entdeckung bioaktiver Stoffe mit dieser Wirkweise. Außerdem demonstrieren die 
Ergebnisse, wie kombinatorische Biosynthese genutzt werden kann, um die natürliche chemische 
Diversität zu erweitern und neue Naturstoffe zu produzieren.
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Introduction 

Bioactive Fungal Natural Products as a Source for Drug Leads 
The kingdom of Fungi represents a branch in the domain of the Eukarya that is enormously rich in 
biodiversity, currently being estimated to encompass 2.2–3.8 million species, merely ~3–8 % of which 
have been described to date[1]. Due to their vast metabolic capacity, fungi excel at the utilization of 
complex substrates[2], and can conquer even harsh ecological niches[3]. They do not only greatly 
contribute to the decomposition of dead organic matter[4], but also engage in a plethora of symbiotic and 
pathogenic interactions[5–13]. Fungi harbor significant economic value[14], and are industrially exploited 
for the production of foods, beverages, organic acids, proteins, enzymes, vitamins, pharmaceuticals, 
and more[14–16]. 

The ecological and metabolic diversity of fungi is also mirrored by their remarkable ability to produce 
structurally and functionally diverse natural products, also known as specialized or secondary 
metabolites (SMs)[17,18]. While they are mostly dispensable for growth and reproduction, they are closely 
intertwined with development and crucial for the interaction with the environment and other 
organisms[17,18]. One of the most famous examples of a fungal SM is penicillin, an antibiotic first isolated 
by Alexander Fleming in 1928[19], which revolutionized the treatment of bacterial infections. Indeed, 
many fungi produce SMs with antimicrobial activity to outcompete other microbes for nutrients in their 
ecological niche[20,21]. The function of fungal natural products is, however, not limited to inflicting harm, 
but they are also used for defense[22,23], communication[24,25], nutrient acquisition[26,27] and protection 
against environmental stressors[28], amongst others. 

The concurrent rise of antimicrobial resistant bacterial and fungal pathogens worldwide poses a major 
threat to human health and global food security that urgently demands solutions[29–33]. Indeed, natural 
products have long provided antimicrobial agents and been a source for drug leads for decades due to 
their structural and functional diversity[34]. While some natural products are employed natively (e.g., 
penicillin), others are semi-synthetically modified (e.g., anidulafungin based on echinocandin B[35]) or 
inspire the design of fully synthetic analogues (e.g., kresoxim-methyl based on strobilurin A[36]). One 
recent example is the siderophore-type fungal natural product ASP2397, first isolated in 2017[37]. This 
compound exhibits potent antifungal activity and has already advanced into clinical trials for treatment 
of invasive Aspergillosis[37,38]. Simultaneously, natural products also hold promise to treat other, non-
infectious diseases such as coronary heart disease[39], cancer[40] and Alzheimer’s disease[41]. Finding 
cures for these maladies is of great interest to the general public, and therefore, the discovery of new 
bioactive natural products is of significant importance. 

Basic Logic of Fungal Natural Product Biosynthesis 
Natural products can be categorized into distinct classes based on their chemical structure and 
biosynthetic origin, such as polyketides, non-ribosomal peptides, and terpenes. They are mostly derived 
from common central metabolites such as amino acids and acyl-CoAs. The main scaffold of a natural 
product is usually synthesized by a dedicated core enzyme. The initial intermediate is then modified by 
auxiliary tailoring enzymes that catalyze various transformations[42] ranging from simple redox 
reactions[43] to complex molecular rearrangements[44]. Genes encoding enzymes involved in the 
biosynthesis of a given natural product are most frequently colocalized in fungal genomes in so-called 
biosynthetic gene clusters (BGCs)[45]. Aside from biosynthetic enzymes, such BGCs can also encode 
transporters for substrates or products, enzymes conferring self-resistance towards toxic products, and 
cluster-specific regulators. The number of BGCs encoded in fungal genomes varies substantially 
between different genera, ranging from very few to more than 100 per genome, with an average of ~30 
BGCs[46,47]. Great progress has been made in the last decades linking BGCs to their respective natural 
products, nonetheless, there is still a big discrepancy between the amount of BGCs encoded in fungal 
genomes and the natural products isolated from fungi. For instance, even in the model ascomycete 
Aspergillus nidulans, over half of the BGCs encoded are still uncharacterized and their products 
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unknown[48]. Therefore, it can be assumed that fungi still hold great potential for the discovery of new 
natural products and are a source not yet exhausted. 

– Polyketides – 
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Figure 1: Chemical structures of exemplary fungal polyketides. 

Polyketides are a diverse and abundant class of natural products, including many bioactive compounds 
such as lovastatin[49], strobilurin A[50], aflatoxin B1[51] and phomenoic acid[52] (Figure 1). They are 
synthesized by dedicated polyketide synthases (PKSs) that catalyze the repeated decarboxylative 
Claisen condensation of activated acyl-units to facilitate the assembly of the carbon backbone. Fungal 
genomes predominantly encode iterative type I PKSs (henceforth referred to as PKS), monomodular, 
multidomain enzymes that catalyze multiple rounds of chain elongation. They are structurally and 
functionally related to metazoan fatty acid synthases (mFAS) and share a common domain 
architecture[53]. In contrast to mFAS, however, PKS do not necessarily produce fully saturated products. 
Instead, they produce a wide variety of compounds whose structural diversity arises from incomplete 
reduction of the nascent intermediate during elongation cycles. This is caused by the absence or 
dysfunction of certain reductive domains, as well as by programmed domain skipping[53–56]. PKSs are 
composed of a minimal set of a ketosynthase (KS) domain, acyl-carrier protein (ACP) domain, and 
acyltransferase (AT) domain, which collectively orchestrate the elongation of the polyketide backbone 
(Figure 2)[54,55]. First, a starter unit, most commonly acetyl-CoA, is loaded onto the KS domain. Next, the 
AT domain catalyzes transfer of an extender unit, most commonly malonyl-CoA, onto the ACP domain.  
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Figure 2: Polyketide chain elongation. Adapted from Hertweck, 2009[54]. 
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Subsequently, the KS domain facilitates the decarboxylative Claisen condensation of the KS- and ACP-
bound acyl-units, thereby extending the carbon backbone by a C2 unit. After any tailoring by additional 
domains, the bound intermediate is re-transferred to the KS domain for a subsequent catalytic cycle[54,55]. 
This is repeated until the nascent polyketide is off-loaded from the assembly line by an intrinsic off-
loading domain or trans-acting releasing enzyme. Product release can occur through a variety of 
different mechanisms, commonly by hydrolysis or (macro-)cyclization[57]. Based on the presence of 
optional reductive domains, PKSs are distinguished into non-reducing (nr), partially reducing, and highly 
reducing (hr) types. hrPKS contain a full set of reductive domains, namely a ketoreductase (KR) domain, 
a dehydratase (DH) domain, and an enoyl reductase (ER) domain, that facilitate the sequential reduction 
of the β-ketone to saturation. All PKS types can optionally harbor a C-methyltransferase (CMeT) domain 
that can methylate the Cα prior to the action of the KR domain and encompass an intrinsic off-loading 
domain such as a thioesterase (TE) domain, reductase (R) domain, or carnitine acyltransferase (cAT)[58] 
domain. Recently, a stereochemical rule has been proposed for the CMeT, KR, and ER domains of 
PKSs that allows the prediction of the absolute configuration of polyketides, although exceptions do 
exist[52]. nrPKS produce aromatic compounds that derive from the cyclization of the nascent, non-
reduced poly-β-ketone. They lack all reductive domains but additionally encompass a starter acyl 
transferase (SAT) domain[59] and a product template (PT) domain[60]. The SAT domain selects and loads 
the starter unit in nrPKS and allows for higher substrate flexibility, although it is not necessarily required 
in all nrPKS[61]. nrPKS more often than hrPKS load unusual starter units such as, e.g., hexanoic acid in 
the biosynthesis of the aflatoxin precursor norsolorinic acid[62] or even other polyketides, as in the 
biosynthesis of resorcylic acid lactones[63]. These substrates are often directly transferred from the FAS 
or PKS synthesizing them. The PT domain prefolds the nascent polyketide and facilitates the cyclization 
thereof via aldol cycloaddition. The chain length of polyketides is predominantly determined by the KS 
domain in nrPKS systems[64,65], but polyketide homologation is majorly affected by tailoring domains and 
collaborating enzymes in both nrPKS and hrPKS systems[66–69]. The programming of hrPKS is not yet 
fully understood, but believed to be determined by the substrate selectivity of a given domain and the 
competition of different domains for the ACP-bound substrate[55,67]. 

– Non-Ribosomal Peptides – 

N

O

N
O

NH

HN

O

N

OH

Fumiquinazoline A
(cytotoxic)

O
N

O
HN O

N
H

O
N

O
NH

OH

OH

HO

HO

OH

O

HO

OH

N
H

O
OHOH

Echinocandin B
(antifungal)

N

S

O

H
N

O

O
OH

Penicillin G
(antibacterial)

O

N

N

S S
O

OO
HO

Cl H

Aspirochlorine
(antifungal, cytotoxic)  

Figure 3: Chemical structures of exemplary fungal NRPs. 

Non-ribosomal peptides (NRPs) are another major class of natural products, including diverse bioactive 
compounds such as penicillin G[70], echinocandin B[71], fumiquinazoline A[72], and aspirochlorine[73] 
(Figure 3). They are synthesized by dedicated non-ribosomal peptide synthetases (NRPSs), 
multimodular enzymes that facilitate the condensation of proteinogenic and non-proteinogenic amino 
acids as well as some hydroxy acids[74]. Canonical NRPS modules (M) are composed of an 
adenylation (A) domain, a thiolation (T; also: peptidyl carrier protein, PCP) domain, and a condensation 
(C) domain. The A domain loads the substrate onto the prosthetic phosphopantetheinyl (PPT) moiety of 
the T domain. The C domain then facilitates condensation of two adjacent T-bound substrates to form 
either a peptide or ester bond (Figure 4). Modules can additionally contain optional domains: 
Epimerization (E) domains catalyze L- to D- stereoinversion of the bound substrate prior to condensation, 
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whereas N-methyltransferase (NMeT) domains methylate the amine of the bound substrate. NRPSs can 
also include an additional terminal domain for product-offloading, such as an R domain, a TE domain, 
or a terminal CT domain. Release frequently occurs via either hydrolysis, lactonization, lactamization, or 
Dieckmann cyclization[57,75].  
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Figure 4: Scheme of non-ribosomal peptide formation. 

In contrast to canonical NRPS, NRPS-like enzymes harbor only a single module and lack a C domain. 
They can be subdivided into reducing and non-reducing types. Reducing NRPS-like enzymes harbor a 
terminal R domain (A-T-R) and catalyze the reduction of the activated substrate. They frequently act as 
reductive tailoring enzymes[76], but can also facilitate the formation of dihydropyrazine or pyrazinone 
natural products via the spontaneous dimerization of reduction-derived amino aldehydes[77–79]. Non-
reducing NRPS-like enzymes harbor a terminal TE domain (A-T-TE) and catalyze the condensation of 
two aromatic α-keto acids, resulting in the formation of various cyclic products, including 
benzoquinones[80–82], furanones[83–85], and dioxolanones[86] (Figure 5). 
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Figure 5: Substrate and product scope of non-reducing NRPS-like enzymes. Taken from Wieder et al., 2025[87]. 

– Terpenes and Miscellaneous Natural Product Classes – 
Besides polyketides and NRPs, terpenes are another major class of natural products with very vast 
structural diversity, including bioactive compounds such as pleuromutilin[88], deoxynivalenol[89], 
aspterric acid[90] and clavaric acid[91] (Figure 6). Terpenes are derived from the isoprenoid blocks 
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), which are synthesized in 
fungi via the mevalonate pathway from acetyl-CoA[92]. Multiple isoprenoid units are first fused by 
prenyltransferases to produce precursors of different chain lengths, which are then cyclized by terpene 
cyclases (TCs) via a cationic cascade kickstarted by either dephosphorylation (class I TCs) or 
protonation (class II TCs) of the substrate and finally terminated by deprotonation or hydration[92]. 
Whereas class II TCs mostly produce head-to-tail cyclized products, including various sterols, class I 
TCs can produce a plethora of complex carbon scaffolds facilitated through complex cyclizations and 
molecular rearrangements. 
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Figure 6: Chemical structures of exemplary fungal terpenes. 

Moreover, hybrid natural products composed of different chemical classes frequently occur. These 
include polyketide-NRP hybrids such as tenellin[93] and aspcandine[94], polyketide-terpene hybrids such 
as ascochlorin[76] or NRP-terpene hybrids such as aculene A[95] (Figure 7). They are either synthesized 
by collaborating enzymes/pathways or by chimeric enzymes that harbor both PKS and NRPS domains. 
The latter can be subdivided into PKS-NRPS hybrids and NRPS-PKS hybrids based on the order of the 
domains, the latter of which are encountered more rarely in fungal genomes. 
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Figure 7: Chemical structures of exemplary fungal hybrid natural products. Polyketide (blue), NRP (red) and terpene 
(magenta) moieties are highlighted in different colors. 

Furthermore, peptide natural products can also be synthesized by enzymes other than NRPS. 
Ribosomally synthesized and post-translationally modified peptides (RiPPs) are derived from precursor 
peptides encoded in the genome via proteolytic cleavage, with modifications occurring before or after 
release of the core peptide[96]. Arginine-containing cyclodipeptides (RCDPs) are a recently discovered 
class of peptide natural products that are synthesized by RCDP synthases (RCDPS), a previously 
unknown enzyme class that utilizes aminoacyl-tRNAs as substrates[97]. Furthermore, only recently ATP-
grasp enzymes and amide bond synthases have been described to be involved in the biosynthesis of 
fungal peptide natural products[98,99]. Beyond these, there are, however, many further natural product 
classes, e.g., various indole-containing compounds such as tryptamines (e.g. psilocybin)[100] or ergot 
alkaloids (e.g. lysergic acid)[101] that are synthesized from tryptophan, and isocyanides (e.g. 
xanthocillin)[102] synthesized from amino acids by dedicated isocyanide synthases (ICS). Even now, new 
natural product classes and biosynthetic routes are still discovered, as many non-canonical enzymes 
and BGCs have previously been overlooked by genome mining algorithms[97,98,102–105]. Unraveling these 
hidden treasures holds great promise to further expand the diversity of natural products and the 
biosynthetically accessible chemical space. 

Strategies for Discovering Fungal Natural Products and Uncovering their 
Biosynthesis 
Natural products can be extracted from fungal cultures using organic solvents, isolated using 
chromatographic techniques, and their structures elucidated using analytical chemistry. Simple variation 
of fermentation parameters can yield various natural products even from a single species, a technique 
commonly referred to as the OSMAC (one strain, many compounds) approach[106]. In that manner, many 
natural products have been isolated from many fungal species to date. Coupling this fermentation-based 
approach with bioactivity assays can help prioritize natural products possessing desired activities. Based 
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on the choice of assay, one may screen for antimicrobial compounds or even compounds that bind to a 
specific target protein. Bioactivity-guided isolation has, for instance, been successfully employed to 
identify penicillic acid as a probe against Alzheimer’s disease associated tau aggregation[41]. 

Unfortunately, the likelihood of discovering new chemistry using a simple fermentation-based approach 
is slowly declining as more natural products are being reported. This is not because the biosynthetic 
capacity of fungi is exhausted, but instead because only few natural products are produced under 
laboratory conditions[107,108]. As the production of SMs is highly energy-intensive and their function is 
often very specific, it is not feasible or beneficial for a fungus to produce its entire repertoire of SMs at 
all times. Instead, SM production is tightly regulated through the action of both global and specific 
regulators in response to environmental stimuli[17,18], and the respective stimuli might not be given under 
laboratory conditions. BGCs whose natural products are not observed are referred to as silent. The 
seemingly limited number of natural products produced under laboratory conditions has brought upon 
the increasing issue of rediscovering previously identified compounds instead of new ones when 
investigating the composition of fungal extracts. It should, however, also be noted that fermentation and 
bioactivity-guided approaches are slightly biased towards compounds produced in larger quantities, as 
trace compounds might elude the detection by common analytical tools, i.e. HPLC-MS or bioassays and 
are difficult to purify in sufficient amounts for structure elucidation. Molecular networking has emerged 
as a powerful tool for analyzing tandem mass spectrometry (MS2) data to dereplicate natural products, 
making use of spectral libraries such as the GNPS[109]. This enables fast identification of known, 
deposited natural products in a complex extract without the need for isolation and structure elucidation, 
which in turn helps to target unknown metabolites. Moreover, microcrystal electron diffraction (microED) 
has recently been successfully employed to solve natural product crystal structures from crude extracts, 
enabling elucidation of new metabolites from nanogram quantities[110,111]. 

The discovery of new natural products is increasingly reliant on targeted genetic manipulation, with a 
focus on accessing cryptic BGCs whose products remain unknown[108,112]. To this end, both genetic 
manipulation of native organisms and transfer of genetic material into heterologous hosts have been 
employed successfully many times. Genome mining efforts are usually prefaced by the prediction of all 
BGCs in an annotated genome using elaborate bioinformatic tools such as antiSMASH[113] or 
FunBGCeX[104]. One can then search these predicted BGCs for a target BGC involved in the 
biosynthesis of a previously identified natural product based on chemical cues and biosynthetic logic 
(top-down forward genetic approach) or pick candidate BGCs for activation or heterologous 
reconstitution based on desired features (bottom-up reverse genetic approach). The activation of silent 
BGCs can be achieved by overexpression, deletion or refactoring of global or cluster-specific regulators 

and biosynthetic genes[114–120]. CRISPR-mediated transcriptional activation (CRISPRa) has also been 
successfully used in this context[121]. Furthermore, employing engineered hybrid transcription factors 
(composed of a native DNA-binding domain fused to a strong transcriptional activator) has proven 
helpful in cases where overexpression of a native transcription factor did not lead to sufficient 
transcriptional activation[122,123]. The successful activation of a silent BGC results in the production of 
one or more new metabolites, which become apparent by comparison with the parental strain and can 
subsequently be isolated and characterized. A limitation in working with native organisms is their 
amenability to genetic manipulation. As many fungi are not at all or only poorly amenable to genetic 
manipulation, heterologous expression poses a convenient and powerful alternative. Various 
filamentous fungi have successfully been established as chassis hosts for heterologous reconstitution 
of natural product biosynthetic pathways. Aspergillus species such as A. nidulans[124], A. oryzae[80,125] 
and A. niger[126] are amongst the most widely used model hosts, but various other genera such as 
Trichoderma[127], Penicillium[128], and Fusarium[129,130] are also being used. Similar to the activation in a 
native host, reconstitution of BGCs in a heterologous host usually requires refactoring of either all 
biosynthetic genes or a contained cluster specific transcription factor that regulates expression of the 
other BGC genes. In order to elucidate the biosynthetic pathway of a natural product, the individual 
transformations and order of reactions catalyzed by the implied enzymes have to be characterized. This 
can be achieved by either deleting single genes from a BGC or reconstituting a BGC one enzyme at a 
time, resulting in the accumulation of biosynthetic intermediates, based on which the biosynthetic route 
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can be proposed. This is frequently complemented by probing single enzymatic transformations in vitro, 
especially for more intricate reactions. Besides genome mining, combinatorial biosynthesis strategies 
can also be employed to access new chemical diversity[131]. In this regard, every new biosynthetic 
enzyme and pathway characterized broadens the possibilities for the rational (re-)design of new  
(non-)natural products. 

While genome mining is an efficient strategy to uncover new natural products, it is more laborious than 
classic screening approaches, and the obtained natural products might not exhibit bioactive properties 
at all. However, self-resistance enzyme (SRE)-guided genome mining has recently emerged as a very 
powerful approach to identify BGCs that encode bioactive natural products[132]. Logically, organisms that 
produce bioactive substances they would themselves be susceptible to, e.g., fungi producing antifungal 
compounds, must employ some type of self-resistance to prevent autotoxicity. For instance, toxic 
molecules are frequently modified enzymatically to render them inactive. Moreover, BGCs do 
occasionally encode a duplicate of an essential housekeeping gene that is resistant to the bioactive 
product encoded by that BGC. This can be used to selectively search for BGCs that potentially encode 
natural products targeting a specific protein and has already been successfully employed to identify 
various bioactive natural products[90,133–139]. The recently introduced application FunARTS[140] facilitates 
SRE-guided genome mining efforts by searching genomes for duplications of essential genes and 
known resistance-conferring enzymes in the vicinity of predicted BGCs. 

Studying biosynthetic pathways, however, comes with a few challenges. Firstly, heterologous 
expression of solely a core biosynthetic gene, such as a PKS or NRPS, is frequently not sufficient for 
metabolite production, as additional enzymes might be required for formation of the initial product. Such 
enzymes might facilitate substrate loading[62,71,141], introduce on-line modifications[142], catalyze product 
release[143–145], or produce a non-physiological precursor for the core biosynthetic enzyme[71,94]. This 
complicates the process of sequentially reconstituting a BGC, as all required enzymes need to be 
identified first, which might only be achieved by trial-and-error probing. Furthermore, the boundaries of 
a BGC are not readily apparent, and the bioinformatic predictions might not always be correct. Even 
then, not all genes located within a BGC do necessarily act in the biosynthetic pathway. Conversely, 
genes that are only annotated as hypothetical proteins or lack any conclusive sequence homologies 
might still be catalytically relevant to the biosynthesis[97]. Although encountered only infrequently, BGCs 
can also be split across the genome[146]. Functional reconstitution of a BGC might moreover require the 
coexpression of transporter[147,148], or resistance genes. Lastly, but very importantly, although this is only 
very rarely addressed publicly, not all BGCs are necessarily (fully) functional even when successfully 
activated or reconstituted[17]. This can be due to one or more enzymes being dysfunctional, thereby 
terminating a biosynthetic pathway early or entirely preventing the formation of any product. In a recent 
study, complete heterologous reconstitution of the octacyclin A BGC initially only resulted in production 
of the first biosynthetic intermediate, as the second enzyme was dysfunctional[79]. Only upon 
replacement of the dysfunctional enzyme with a functional homolog of a similar biosynthetic pathway 
did the heterologous expression result in the production of the final product octacyclin A. 

Research Objective and Scope 
The present thesis aimed to discover new fungal natural products with a focus on antifungal or otherwise 
bioactive compounds and elucidate their biosynthetic pathways. Fungi pose a treasure trove of new 
chemistry, and their repertoire has not yet been exhausted, as is evidenced by the discrepancy between 
the abundance of genomically encoded BGCs and the comparably few metabolites produced. We are 
only starting to look past long-standing paradigms, and therefore, these are exciting times for the fungal 
natural product community. The identification of new bioactive molecules is crucial for the development 
of new drugs, especially for combating emergent antimicrobial resistant pathogens. Natural products 
have been a major inspiration for drug development in the past and will continue to be in the future. 
Furthermore, elucidation of biosynthetic pathways and characterization of implicated enzymes 
catalyzing new reactions deepens our understanding of how nature orchestrates the assembly of these 
small yet meticulous molecules. This not only expands the biologically tractable chemical space but 
enables us to transfer this knowledge to other biosynthetic pathways, exploit it for synthetic biology, 



Introduction 

17 

biotechnology, and biocatalysis applications, and even manipulate pathways to create new-to-nature 
“designer compounds”. 

 

Figure 8: Fungal species investigated in the present thesis. Morphology on agar plates. 
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Figure 9: Bioactive fungal natural products investigated in the present thesis. 

To this end, bioactive compounds of four different fungi of the phylum Ascomycota were studied 
(Figures 8 and 9). Acrophialocin(-ol) and pleosporacin were identified from Acrophialophora levis and 
Pleosporales sp., respectively, based on their potent antifungal activity. Whereas acrophialocin and 
acrophialocinol are broadly active with promising anti-Candida activity (MIC 2.5 µg/mL), pleosporacin, 
in contrast selectively inhibits the plant pathogen B. cinerea. While their exact mechanisms of action 
remain unclear, these compounds make interesting candidates for further investigation as potential drug 
leads. Saintopin was rediscovered as the purple colorant of Paecilomyces marquandii conidia and was 
previously reported to exhibit potent topoisomerase I/II inhibitory activity. Although it was overlooked for 
some time, this study provides a foundation for its scalable production and further research on saintopin 
as a potential anticancer lead. Lastly, the mildly antifungal agent allantofuranone produced by 
Allantophomopsis lycopodina was investigated for its uniquely substituted furanone scaffold, the 
biosynthesis of which has hitherto been elusive.  
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Candidate BGCs for all the aforementioned compounds were identified by genome mining based on 
structural cues, and the biosynthetic pathways were elucidated by reconstitution of the respective 
biosynthetic genes in the heterologous host Aspergillus oryzae. This enabled characterization of the 
biosynthetic intermediates and offered insight into how these compounds are synthesized. Intriguingly, 
the study of the acrophialocinol BGC additionally revealed a new type of self-resistance enzyme, an 
RTA1-like protein, which confers resistance to the toxic products of the BGC. Beyond that, the 
allantofuranone biosynthetic machinery was successfully manipulated (combinatorial biosynthesis) to 
synthesize some new-to-nature hydroxylated derivatives. 
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Summary of Included Publications 
The publications included in the present thesis address the identification, characterization, and 
biosynthesis of bioactive natural products isolated from fungi of the phylum Ascomycota. Each 
publication separately addresses one or more compounds of a different species. 

The first publication reports the bioactivity-guided discovery of the new polyhydroxy-polyketides 
acrophialocin and acrophialocinol produced by Acrophialophora levis that exhibit potent antifungal 
activity against various plant and human pathogens. Heterologous reconstitution of the biosynthetic 
genes acrA–F enabled the elucidation of their biosynthetic pathway. The polyketide backbone is 
synthesized by the PKS AcrA, the truncated didomain NRPS AcrC and the trans-acting enoyl-reductase 
AcrB, resulting in production of the intermediate pre-acrophialocin. Subsequently, the biosynthetic 
pathway branches with either the CYP450 AcrE catalyzing hydroxylation of the ρ-methyl-group or the 
α-ketoglutarate-dependent dioxygenase AcrF catalyzing hydroxylation of the α-carbon of pre-
acrophialocin, resulting in the production of either malaysic acid or acrophialocin. Finally, the 
biosynthetic pathway reconverges by the action of AcrF or AcrE to yield acrophialocinol. Intriguingly, the 
tertiary alcohol moiety introduced by AcrF seems to be crucial for antifungal activity, as the non-
containing compounds exhibit reduced antifungal activity. The RTA1-like protein AcrD encoded in the 
acr BGC was shown to confer resistance to these toxic compounds, posing a new type of self-resistance 
that can potentially be harnessed for self-resistance enzyme-guided genome mining in the future. 

The second publication reports the biosynthesis of the previously identified natural product 
allantofuranone, which exhibits mild to moderate antifungal activity towards some species. It was 
previously postulated that allantofuranone derives from the benzoquinone polyporic acid. Genome-
mining of the producer Allantophomopsis lycopodina led to the identification of a candidate NRPS-like 
enzyme BGC. Heterologous expression of the NRPS-like coding gene alfA indeed resulted in production 
of polyporic acid. Subsequent reconstitution of the other biosynthetic genes allowed for full elucidation 
of the allantofuranone biosynthetic pathway. In brief, polyporic acid is reductively dehydrated by the 
bifunctional enzyme AlfC, methylated by AlfD and finally oxidatively cleaved and rearranged by the 
dioxygenase AlfB to produce allantofuranone. In an effort to expand the biologically tractable chemical 
space and potentially improve the bioactivity of allantofuranone and its biosynthetic intermediates, a 
combinatorial biosynthesis approach was applied to the biosynthetic pathway. To this end, polyporic 
acid was substituted for either ascocorynin or atromentin, mono- and dihydroxylated congeners of 
polyporic acid, by coexpression of the monooxygenase-coding gene AsMO6277 or replacement of AlfA 
with the atromentin synthase AtrA, respectively. This successfully enabled production of almost all of 
the respective mono- and dihydroxylated derivatives, some of which have not been reported previously. 

The third publication reports the bioactivity-guided discovery of the cyclic lipodepsipeptide pleosporacin 
from an isolated fungal strain Pleosporales sp. Pleosporacin was shown to exhibit potent and selective 
antifungal activity against the plant pathogen Botrytis cinerea. Pleosporacin causes swelling of 
B. cinerea conidia upon treatment and also exhibits biosurfactant properties. Based on these 
observations, pleosporacin is discussed to potentially interfere with cell wall biogenesis or membrane 
integrity. Pleosporacin is structurally very closely related to previously reported cyclic lipodepsipeptides, 
however, none of their biosynthetic pathways have been characterized. Therefore, the genome of the 
fungal isolate Pleosporales sp. was mined to identify a candidate BGC responsible for pleosporacin 
biosynthesis. Reconstitution of the biosynthetic genes in A. oryzae indeed enabled heterologous 
production of pleosporacin, validating the identity of the ple BGC and allowing the proposal of a 
biosynthetic route. In brief, the acyl-AMP-ligase PleB activates myristic acid, which is subsequently 
transferred to the T0-domain of the NRPS PleA. PleA then facilitates the condensation of L-Ser, β-Ala, 
D-Trp, L-Ser and D-Tyr, followed by CT-domain-catalyzed macrolactonization. The aspartate 
decarboxylase PleC is proposed to provide β-Ala for the assembly line, although it is not required for 
heterologous production of pleosporacin.  

The fourth publication reports the identification of the purple Paecilomyces marquandii conidial pigment 
as the previously reported topoisomerase I/II inhibitor saintopin. As saintopin structurally differs from 
other fungal naphthacenediones, its biosynthesis was investigated. A candidate nrPKS StpA was 
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identified by a heterologous expression of P. marquandii nrPKSs and subsequently validated by gene 
deletion in the native producer. Accessory genes required for saintopin biosynthesis were not collocated 
with stpA but encoded elsewhere in the genome. By probing candidate biosynthetic enzymes in the 
heterologous host A. oryzae, it was possible to elucidate saintopin biosynthesis. Interestingly, only two 
enzymes, the nrPKS StpA and a flavin-dependent monooxygenase (FMO) StpC, sufficed for 
heterologous saintopin production. By coexpressing stpC alongside either the nona- or decaketide 
synthase coding genes aptA or adaA, it was shown that saintopin biosynthesis proceeds via a 
decaketide intermediate. The mechanism by which StpC facilitates cyclization and polyketide shortening 
to produce saintopin from a decaketide intermediate remains elusive as of yet. 

In conclusion, these publications address the biosynthesis of four bioactive fungal natural products, not 
only contributing to drug discovery but also expanding the biologically tractable chemical space, 
highlighting fungi and fungal biotechnology as a treasure trove for natural product research. The 
reported findings might aid in the scalable biotechnological production of the reported molecules, the 
identification of further bioactive molecules, the characterization of further biosynthetic pathways, or 
spark the interest of the medicinal chemistry and biocatalysis communities in the future. 
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Zusammenfassung der beinhalteten Publikationen 
Die Publikationen dieser vorgelegten kumulativen Dissertation befassen sich mit der Identifikation, 
Charakterisierung und Biosynthese bioaktiver Naturstoffe, die aus Pilzen des Phylums Ascomycota 
isoliert wurden. Dabei behandelt jede Publikation separat einen oder mehrere Naturstoffe, die aus je 
einer Spezies isoliert wurden. 

Die erste Publikation berichtet von der Bioaktivitäts-gerichteten Isolation der neuen Polyhydroxy-
Polyketide Acrophialocin und Acrophialocinol aus Acrophialophora levis, welche vielversprechende 
antifungische Aktivität gegenüber einigen pflanzen- und humanpathogenen Pilzen aufweisen. Die 
heterologe Rekonstitution der Biosynthesegene acrA–F ermöglichte die Aufklärung der Biosynthese 
dieser Stoffe. Das Polyketid-Grundgerüst wird von der PKS AcrA, der verkürzten NRPS AcrC und der 
trans-agierenden Enoyl-Reduktase AcrB synthetisiert, was in der Produktion des Intermediates Pre-
Acrophialocin resultiert. Anschließend zweigt der Biosyntheseweg: Entweder katalysiert die CYP450 
AcrE die Hydroxylierung der ρ-Methyl-Gruppe oder die α-Ketoglutarat-abhängige Dioxygenase AcrF 
katalysiert die Hydroxylierung des α-Kohlenstoffs, was in der Produktion von entweder Malaysic Acid 
oder Acrophialocin resultiert. Letztlich konvergiert der Biosyntheseweg erneut durch die katalytische 
Aktivität des jeweils anderen Enzymes AcrF oder AcrE, was in der Produktion des finalen Metaboliten 
Acrophialocinol resultiert. Interessanterweise scheint der tertiäre Alkohol, der durch AcrF in die 
Verbindung eingeführt wird, eine wichtige Rolle für die antifungische Aktivität zu spielen, da die 
Verbindungen, die diese funktionelle Gruppe nicht besitzen, eine deutlich verringerte Wirkung 
aufweisen. Weiterhin wurde gezeigt, dass das RTA1-ähnliche Protein AcrD, das im acr BGC kodiert ist, 
Resistenz gegenüber diesen toxischen Verbindungen vermittelt. Dies stellt einen neuen Typ von 
Selbstresistenz-Mechanismus dar, welcher eventuell künftig für das Selbstresistenz-gerichtete genome 
mining genutzt werden kann. 

Die zweite Publikation berichtet von der Biosynthese des zuvor bekannten Naturstoffes Allantofuranon, 
welcher leichte antifungische Aktivität gegenüber einzelner Spezies aufweist. Es wurde bereits zuvor 
postuliert, dass Allantofuranon vermutlich über das Benzochinon Polyporsäure synthetisiert wird. 
Genome mining des Produzenten Allantophomopsis lycopodina führte zur Identifikation eines 
geeigneten Kandidaten-BGC, welches ein NRPS-like Enzym kodiert. Die heterologe Expression des 
NRPS-like-kodierenden Gens alfA führte tatsächlich zur Produktion von Polyporsäure. Die 
anschließende Rekonstitution der anderen Biosynthesegene erlaubte die Aufklärung der vollständigen 
Allantofuranon Biosynthese. Kurz gesagt wird Polyporsäure zunächst vom bifunktionalen Enzym AlfC 
reduktiv dehydriert, von AlfD methyliert und letztlich von der Dioxygenase AlfB oxidativ gespalten und 
zum Furanon kontrahiert. Mit dem Ziel, die biologisch erreichbare chemische Vielfalt zu erweitern und 
gegebenenfalls die Bioaktivität von Allantofuranon und dessen Biosynthese-Intermediate zu 
verbessern, wurde kombinatorische Biosynthese betrieben. Hierzu wurde Polyporsäure im 
Biosyntheseweg entweder durch Ascocorynin oder Atromentin, mono- und dihydroxylierte Derivate der 
Polyporsäure, ersetzt. Dies gelang durch die Koexpression des Monooxygenase-kodierenden Gens 
AsMO6277 beziehungsweise den Austausch von AlfA durch die Atromentin-Synthase AtrA. Dieser 
Ansatz ermöglichte die erfolgreiche Produktion fast aller mono- und dihydroxylierten Derivate der 
Biosynthese-Intermediate. Einige dieser waren zuvor noch nicht bekannt. 

Die dritte Publikation berichtet von der Bioaktivitäts-gerichteten Entdeckung des zyklischen 
Lipodepsipeptids Pleosporacin aus einem Pilz-Isolat der Ordnung Pleosporales. Pleosporacin weist 
starke und selektive antifungische Aktivität gegenüber dem Pflanzenpathogen Botrytis cinerea auf. Es 
verursacht das Anschwellen von B. cinerea Konidien und weist biotenside Eigenschaften auf. Basierend 
auf diesen Beobachtungen wird diskutiert, dass Pleosporacin möglicherweise mit der Biogenese der 
Zellwand oder der Membranintegrität interferiert. Pleosporacin ist mit bereits bekannten zyklischen 
Lipodepsipeptiden verwandt, jedoch wurde deren Biosynthese bislang noch nicht charakterisiert. Durch 
genome mining im Genom von Pleosporales sp. wurde deshalb ein Kandidaten-BGC identifiziert, 
welches mutmaßlich an der Biosynthese von Pleosporacin beteiligt sein könnte. Rekonstitution der 
Biosynthesegene in A. oryzae ermöglichte tatsächlich die heterologe Produktion von Pleosporacin. Dies 
bestätigte die Identität des ple BGCs und ermöglichte das Postulieren des Biosynthesewegs. Kurz 
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gesagt aktiviert die Acyl-AMP-Ligase PleB Myristinsäure, welche anschließend auf die T0-Domäne der 
NRPS PleA geladen wird. PleA katalysiert anschließend die Kondensation von L-Ser, β-Ala, D-Trp, L-
Ser und D-Tyr, gefolgt von Macrolactonisation durch die CT-Domäne. Die Aspartat-Decarboxylase PleC 
ist vermutlich für die Bereitstellung von β-Ala für die Biosynthese verantwortlich, wobei das Enzym nicht 
notwendig für die heterologe Produktion von Pleosporacin ist. 

Die vierte Publikation berichtet von der Identifikation des violetten Paecilomyces marquandii Konidien-
Pigments als den zuvor bekannten Topoisomerase I/II Inhibitor Saintopin. Da Saintopin sich strukturell 
von anderen pilzlichen Naphthacenedionen unterscheidet, wurde dessen Biosynthese untersucht. Eine 
Kandidaten-nrPKS, StpA, wurde durch heterologe Expression aller nrPKS aus P. marquandii identifiziert 
und anschließend durch Gendeletion im natürlichen Produzenten bestätigt. Akzessorische Gene, die 
zur Biosynthese von Saintopin benötigt werden, sind nicht in der Nähe von stpA, sondern an einer 
anderen Stelle im Genom kodiert. Durch die Koexpression möglicher beteiligter Biosynthese-Enzyme 
im heterologen Wirtsorganismus A. oryzae war es möglich, die Biosynthese von Saintopin aufzuklären. 
Interessanterweise reichen zwei Enzyme, die nrPKS StpA und die Flavin-abhängige Monooxygenase 
(FMO) StpC, für die heterologe Produktion von Saintopin aus. Durch Koexpression von stpC mit den 
Nona- bzw. Decaketid-Synthase-kodierenden Genen aptA und adaA konnte gezeigt werden, dass die 
Biosynthese von Saintopin über ein Decaketid-Intermediat verläuft. Der Mechanismus, durch welchen 
StpC die Zyklisierung und Polyketid-Verkürzung bewirkt, um aus dem Decaketid-Intermediat Saintopin 
zu produzieren, ist bislang nicht aufgeklärt. 

Die angeführten Publikationen adressieren zusammengefasst die Isolation und Biosynthese bioaktiver 
pilzlicher Naturstoffe und tragen dadurch zur Entdeckung neuer Leitstrukturen und der Ausweitung der 
biologisch erreichbaren chemische Vielfalt bei. Somit werden Pilze als Schatzkammer der Naturstoff-
Forschung beleuchtet. Die gewonnenen Erkenntnisse können künftig zur skalierten Produktion der 
beschriebenen Naturstoffe genutzt werden, zur Identifikation weiterer bioaktiver Naturstoffe und 
Charakterisierung anderer Biosynthesewege beitragen oder das Interesse Forschender im Bereich der 
medizinischen Chemie und Biokatalyse wecken.
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